ABSTRACT
Introduction

34
A major priority for Precambrian research is the establishment of a suitable and
35
representative Global Boundary Stratotype Section and Point (GSSP) for the Cryogenian 36 period (Shields-Zhou et al., 2016) . Current thinking suggests that GSSPs should be chosen by 37 physic-chemical markers, rather than having any biostratigraphic basis (Smith et al., 2015) . In 38 this context, we present a case study of the thickest hitherto published example of a
39
Cryogenian diamictite succession in the Death Valley region, California, USA (Fig. 1) . We immediately west of Death Valley (Miller, 1985; Prave et al., 1999) . Indeed, prior to the 49 present contribution, the thickest known accumulations in the western USA were reported 50 from the Dutch Peak Formation in the Sheeprock Mountains of Utah (Christie-Blick et al., 51 1982) . In general terms, owing to the likely duration of time over which these rocks 52 accumulated (possibly 55 Ma: Rooney et al., 2015) , it is probable that they record much 53 lower accumulation rates (perhaps 4-15 times slower) than either Palaeozoic or Cenozoic 54 glacial successions (Partin and Sadler, 2016) .
55
The Kingston Peak Formation is of global significance as it is an exceptional archive for two phases of Rodinian rift margin development (Prave, 1999) . Prave (1999) provided an 63 overview of the formation throughout the Death Valley area, using outcrops in the Panamint 64 Range in particular to argue for a two-phased glaciation allied to two phases of continental because at least four distinct diamictite-dominated intervals can be observed in 1.4 km of 109 stratigraphy (rather than the two recognised by Macdonald et al., 2013: i.e. KP2 and KP4) . Le The tectonostratigraphic framework of Macdonald et al. (2013) was proposed on the basis of mapping work in the Kingston Range and in the Saddle Peak Hills (Fig. 1) . Both 132 areas were mapped by students to enable a composite stratigraphic framework that refined the 133 previous work of Prave (1999) 
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The southern Kingston Range, which was first mapped by Calzia et al. (1987) , exposes the 151 geographically widest outcrop belt of Kingston Peak Formation (KPF) strata in the range and 152 also the thickest strata (Fig. 1) . Dip angles are typically greatest nearest to the Kingston
153
Range granite intrusion at the western margin of the outcrop belt. In the Kingston Range, the of the KPF (KP1 of Prave, 1999) . A poorly exposed example of the diamictite facies
Methodology
163
Over 6 weeks from 2014-2015, we measured a 2.5 km thick composite section (Fig. 2) complex. This in turn is capped by better organised graded conglomerate and sandstone beds 168 that were briefly described and interpreted by Le Heron and Busfield (2016) . These in turn 169 pass upwards into a hitherto undescribed, but very well exposed, diamictite that is 170 intercalated with graded conglomerate, sandstone and mudstone (Fig. 2) . Our study used both 171 mapping (basal diamictite and olistostrome complex), and logging at dm-scale resolution
172
(supra-olistostrome complex) to derive the 2.5 km thickness (the olistostrome contains no 173 definate in situ bedding planes). Previously, Mrofka and Kennedy (2011) reported that the 174 succession was 3.2 km thick in this area (see their Figure 40 .2 "Horsethief Mine section").
175
There estimation is ~0.7 km thicker than ours, possibly because rotated sandstone beds within 176 the olistostrome were used for trigonometric calculations to determine true thickness of this 177 unit.
178
In this paper, we build on the sedimentological template developed for other outcrop (Fig. 2) . A panoramic perspective 198 (Fig. 3) highlights the internal heterogeneity of the olistostrome complex (Fig. 3) , which 199 includes large blocks of carbonate and arkose. The olistostrome complex commences with a 200 single block of dolostone (Fig. 2, Fig. 3 ) which has intensely boudinaged (Fig. 4 A) and 201 folded (Fig. 4 B) 
204
Outcrops typically include bulbous masses of material that are devoid of any internal 205 fabric or foliation (Fig. 4 C) . Elsewhere, xenoliths of sandstone and dolostone (Fig. 4 D) are 206 observed. These are typically highly irregular in outline and exhibit baked margins.
207
Elsewhere, ovoid "clast" and groundmass relationships are only faintly recognisable in the 208 metabasite (Fig. 4 E) . Petrographic analysis reveals extensive chloritization and alteration of 209 the protolith, with chlorite laths possibly pseudomorphing feldspar (Fig. 4 F) . At the outcrop 
Olistostrome complex: interpretation
217
The occurrence of an olistostrome, originally mapped in the Kingston Range as a
218
"megabreccia", has long been known (Hewett, 1956 ). The present study area was explored in 219 terms of its resource potential by Calzia et al. (1987) , noting the occurrence of iron by Le Heron and Busfield (2016) .
252
Appraising the entirety of the supra-olistostrome succession ( normally graded sandstone beds in the upper diamictite interval is apparent (Fig. 6 A, B) .
283
Cobble-sized dropstones occur within stratified diamictites (Fig. 6 B) , and some of these 284 exhibit striated surfaces (Fig. 6 C) . Dropstones are abundant at the pebble-scale and rather 285 than deflect / downwarp the diamictite lamination, the stones puncture into underlying 286 laminae and are draped by undeformed laminae (Fig. 6 D, E) . The dropstones occur at 287 intervals throughout the upper diamictite, including immediately below the contact with the 288 Noonday Dolomite (Fig. 6 F) .
289
The upper diamictite interval contains numerous examples of asymmetric rippled 290 surfaces (Fig. 7 A) , pointing to unidirectional flow into the basin. It also contains excellent examples of normally graded beds (Fig. 7 B, C) which are compositionally and texturally 292 identical to those described previously from the lower levels of the supra-olistostrome strata 293 (Le Heron and Busfield, 2016) and indeed to those contained within the olistostrome complex 294 (see Fig. 4 G) . Diamictite beds show upward transitions into normally-graded conglomerate 295 ( Fig. 7 D) ; in other cases stacked, intervals dominated by normally-graded beds are 296 punctuated by occasional diamictite beds (Fig. 7 E) . Unidirectional ripple cross-lamination, 297 almost exclusively indicating a SE-palaeoflow, occurs at the top of many normally-graded 298 beds. The diamictites vary widely in terms of colour (including both reddish-brown (Fig. 8 299 A) and green (Fig. 8 B) varieties), in terms of the number of clasts, and in terms of clast 300 composition. Clasts include psammite (Fig. 8 D) , dolostone (Fig. 8 E) , metabasite (Fig. 8 E, 
301
F), oncolitic dolostone (Fig. 8 G) , stromatolitic dolostone, sandstone and quartzite (Fig. 8 H The supra-olistostrome package is interpreted to record the progradation of a major (Fig. 6 A) or diamictite and conglomerate (Fig. 7 D) The relationships between diamictites and associated facies have been poorly documented to date. In the southern Kingston Range, high quality exposure demonstrates the 325 intercalation of diamictites, conglomerates (as noted above), and thin heterolithic intervals 326 (Fig. 9) . In previous work (Le Heron et al., 2014) , it was suggested that the Basal Diamictite 327 of the KPF (i.e. those belonging to unit KP2 of Prave, 1999) (Fig. 2) conglomerates is indicated by the transitional nature of boundaries, some of which are diffuse 332 (e.g. Fig. 7 D) . Stratification is also represented in these diamictites, but importantly, we 333 recognise both striated clasts (Fig. 6 C) and the piercement of stratification by outsized clasts 334 at some parts of the diamictite exposure (Fig. 6 E) . These latter observations demonstrate 335 that the clasts represent ice-rafted debris (Le Heron, 2015) . The authors completed two closely spaced transects (separated by < 1km) throughout the 339 supra-olistostrome succession in 2015. The thickest (and southernmost) of these is 340 incorporated into our representative stratigraphic column (Fig. 2) and has been presented in 341 detail as Fig. 5 . A similarly detailed (northern) section was completed for comparative 342 purposes, and an attempt to correlate these two sections is made herein (Fig. 9) . In many 343 cases, beds and bedsets can be traced out on foot along strike. On the correlation, an obvious conglomerate facies associations, pinching out from log 1 to log 2 (Fig. 9) , and toplap and 352 truncation occurs beneath at least one of these conglomeratic bedsets. The only possible candidate for an unconformity-an undulating contact of the boulder 402 conglomerate package just below the upper diamictite (Fig. 9) -is interpreted as a series of Range, and the c. 1 km stratigraphy in the Panamint Range (see Miller, 1985; Prave, 1999; 443 Petterson et al., 2011) , an abiding problem is in determining which of these differing, undated 444 sections should be regarded as the definitive Death Valley glacial record.
445
Much significance is placed on the "well-developed nonglacial stratigraphy" in the 446 Panamint Range (Macdonald et al., , p. 1205 , which includes a carbonate interval (the 
468
The above considerations suggest that the identification of a representative or 469 idealised glacial stratigraphy for the KPF over the Death Valley area is still premature.
470
However, based upon our comparative southern Kingston Range sections (Fig. 9) , we 471 propose a sequence stratigraphic interpretation that follows the methodology of Powell and
472
Cooper (2002), and which has successfully been applied to Sturtian glacial strata in South
473
Australia (Busfield and Le Heron, 2014) . This methodology can be used to unravel the nature 474 of glacial cycles, and by comparison to other outcrop belts, potentially enable common 475 stratigraphic patterns to be recognised. Based upon the stacking patterns of bedsets, we 476 identify some well-defined, progradational parasequence sets which collectively represent ice 477 minima, advance, retreat, and maximum systems tracts (Fig. 9) . Some stratigraphic surfaces 478 are associated with truncation of underlying strata (e.g. glacial advance surface) whereas 479 other stratigraphic contacts (e.g. the glacial erosion surface) superpose the upper diamictite 480 succession on underlying heterolithics (Fig. 9) . At the local scale, given the close spacing Gradation between stratified and massive diamictites (the former bearing dropstone 514 textures) suggests that the stratified diamictites were deposited directly through ice rafting whereas the massive diamictites represent sediments reworked by debris flows.
516
The stratified diamictites are also posited to be proximal equivalents to the lonestone- shown. The low-resolution and high-resolution transects together allow a sedimentary log 689 throughout the entire KPF to be presented (see Fig. 2 ). The two high resolution transects 690 through the supra-olistostrome strata includes an upper diamictite unit KP4 of Prave, 1999). The panoramic spans about 110° from the left (NW) to right (E) of the image. shown to the right of the sections.
